The molecular defect in sickle cell disease resides in the 11 globin gene, with consequent defects in erythrocytes only, suggesting that the vascular occlusion and vasomotor instability which characterize this disease are the result of interactions between abnormal sickle erythrocytes and cells of the blood vessel wall. We explored whether sickle erythrocytes may have effects on vascular tone, exclusive of adhesion events. Exposure of human endothelial cells in culture to previously sickled sickle erythrocytes resulted in a four to eight-fold transcriptional induction of the gene encoding the potent vasoconstrictor endothelin-1 (ET-1). Unsickled sickle erythrocytes or normal erythrocytes exposed to "sickling" conditions had no effect on ET-1 gene induction. Contact of the sickled erythrocytes with the endothelium was not required. Elevations in the ET-1 transcript peaked at 3 h after exposure and persisted for up to 24 h. Four to sixfold increases in the amount of ET-1 peptide was released into the medium surrounding the endothelial cells after exposure to sickled sickle erythrocytes. This is the first demonstration of the regulation of gene expression in endothelial cells as a result of interaction with sickle cells, with induction of genes encoding vasoconstrictors. Furthermore, these findings suggest that sickle erythrocytes may have the capacity to affect local vasomotor tone directly. (J. Clin. Invest. 1995. 96: 1145-1151
Introduction
Sickle cell disease is characterized by vasoocclusive events, which may occur in a wide range of vessels, ranging from the microvasculature to the muscular arteries (1) (2) (3) (4) (5) . Although the most severe morbidity of the disease results from vascular damage, the molecular defect in sickle cells disease is in the /3 globin gene, with direct consequent changes only in erythrocytes. This raises the possibility that the vascular occlusion and vasomotor instability which characterize sickle cell disease are the result of interactions between these abnormal erythrocytes and the blood vessel wall. Most investigations on such potential interactions have examined mechanisms which may mediate adhesion of sickle erythrocytes to endothelium. There is also evidence, however, to suggest that sickle erythrocytes may have direct or indirect effects on vascular tone, exclusive of adhesion events. Sickle erythrocytes have been shown to interact with human endothelial cells: they adhere to endothelial cell monolayers (6) (7) (8) , stimulate prostacyclin release (9) , and inhibit human venous and arterial endothelial DNA synthesis (10) .
The overall tone of the vasculature is the result of a dynamic and shifting balance between stimuli provoking contraction and relaxation. Local mechanisms are the most likely to be adversely affected in sickle cell disease. The vascular endothelium is the major source of paracrine effects on the contractile elements of the blood vessel (11) . The endothelial cell layer forms the permeability barrier between circulating blood cells and the underlying vascular tissue, which is composed of fibroblasts and smooth muscle cells. As such, it is in a unique position to respond to circulating factors or blood elements and modulate events in the vasculature via paracrine effects. Endothelin-1 (ET-1 )' is a powerful vasoconstrictive agent released by endothelial cells (12) . ET-1 is rapidly cleared from the circulation, but has a long-lasting local effect on vascular tone. Physiological responses to endothelin are reported for blood vessels derived from a large variety of tissues including the heart, kidney, and brain (13) . Factors shown to induce ET-1 production by endothelial cells include thrombin (14) , transforming growth factor (TGFO), shear stress (12, 15) , and hypoxia (16, 17) .
ET-1 is thought to act locally, but elevated circulating levels of this peptide have now been reported in subjects with sickle cell disease in preliminary studies (18, 19) .
We demonstrate here that the interaction of sickle erythrocytes, after sickling, with human endothelium in culture results in the transcriptional activation of the preproendothelin-1 (pre- used for normalization of densitometric scans for quantitation. The filter containing the RNA from subject 6 was stripped again and rehybridized to a [32P] -labeled probe specific for PDGF-B, and the autoradiogram is shown here. The position of the PDGF-B transcript is indicated. In subject 2, the medium surrounding the sickle erythrocytes during the sickling process was removed, centrifuged to remove cell membranes and debris, and placed on an endothelial cell monolayer (CM). The erythrocytes were resuspended in fresh medium and placed on the endothelial monolayer (R). RNA from these plates was prepared and analyzed as described above. C displays the results of experiments conducted as described above, but substituting normal (HbAA) erythrocytes for sickle erythrocytes. These erythrocytes were subjected to sickling conditions (S) or left oxygenated (U). Lane 4 from subject 7 contains RNA from a plate of endothelial cells exposed to medium (M) alone which had been exposed to conditions of deoxygenation in parallel to the erythrocytes shown in lane 3. Lane 1 from subject 7, and lane 3 from subject 8, contain RNA from parallel plates of endothelial cells exposed to hypoxia for 3 h. The autoradiograms are shown here.
scribed ( 16, 17, 20, 21 (22) . Total RNA (15 ag/lane) was separated by electrophoresis, transferred, and hybridized as previously described ( 16, 17, 20, 21 ). The cDNA probes for PDGF-B, preproET-1, and mouse ,3-actin were prepared, labeled, and used in hybridizations as described ( 16, 17, 20, 21) . For quantitation, transcript levels of preproET-and PDGF-B were normalized after laser densitometry (Pharmacia LKB Biotechnology, Uppsala, Sweden) to the levels of actin transcripts, which did not change under the various oxygen environment or after exposure to erythrocytes. mRNA stability. Endothelial cells at confluence were exposed to sickled or unsickled HbSS erythrocytes. Cells were harvested at selected time intervals, treated with actinomycin-D (5 pg/ml), and RNA levels were analyzed and quantitated as described (21) .
Measurement ofET-1 peptide. Confluent endothelial cells in 100-or 60-mm plates were washed and exposed to normal, sickled, or unsickled erythrocytes suspended in serum-free medium. The endothelial cellconditioned media were then collected, spun, and filtered to remove cells, concentrated and kept frozen at -20°C until assay. ET-l peptide was measured using a radioimmunoassay kit (Du Pont, Wilmington, DC) with a detection limit of 10-'`grams/ml. The antiserum used in this assay does not cross-react with big endothelin. ET-1 production is shown as ET-1 concentration in 3 ml of medium produced/time.
Results and Discussion
Exposure of monolayers of human umbilical vein endothelial cells to washed erythrocytes from subjects with sickle cell disease produced no change in the endogenous levels of ET-1 mRNA in the endothelial cells (Fig. 1,A Erythrocytes from two individual subjects were hrs 3 24 3 subjected to deoxygen- observed at 3 h. Because each subject is unique, and because each set of endothelial cells derived from primary cultures is unique, the range of inductions was large, but reproducible, when the same subject's erythrocytes were retested.
The time courses required for ET-1 transcript induction using erythrocytes from two different subjects are shown in Fig. 2 , A and C. A modest increase in ET-1 mRNA was regularly seen in endothelial cells after a 1-h exposure to previously sickled sickle erythrocytes, with maximum induction occurring by 3 h (see also Fig. 1, subject 5) . Levels of ET-1 transcript at later times were more variable, with transcript levels falling back to just above baseline by 12 and 24 h in some cases, despite continued exposure to the sickled erythrocytes (Fig. 2 A) .
Although most of the experiments described herein were performed using erythrocytes at a concentration approximating a hematocrit of 21% (vol/vol), previously sickled sickle erythrocytes at lower concentrations (2%) were sufficient to strongly induce ET-1 (Fig. 2 C, lane 6) . Lower concentrations of erythrocytes were not tested. The length of time during which the sickle erythrocytes were exposed to sickling conditions, ranging from 30 min (Fig. 1 B, subject 5) , to 1 h (Fig. 2 A) , to 3 h (used in most of the other experiments shown herein), did not substantially affect their subsequent ability to induce ET-1 transcripts.
The specificity of prepro-ET-1 induction by erythrocytes containing HbSS was next determined. Normal (HbAA) erythrocytes were collected from a number of donors and treated in parallel fashion to the HbSS erythrocytes. HbAA erythrocytes, whether exposed to hypoxic (sickling-inducing) conditions or not, failed to induce the level of ET-1 transcripts within the endothelial cells (Fig. 1 C) .
Our laboratory has previously demonstrated that exposure to hypoxic conditions alone can result in the induction of ET-1 in endothelial cells as rapidly as 1 h. It was thus necessary to demonstrate that the effect of the previously sickled erythrocytes on ET-1 gene regulation was not due to an effect of hypoxia alone. A potential role for hypoxia rather than for the sickled erythrocytes in the ET-1 inductions observed here was ruled out in a number of ways. As demonstrated above, normal erythrocytes which had undergone the same exposure to hypoxia as did the sickle erythrocytes had no effect on ET-1 gene expression. The P02 in the media surrounding the sickled or normal erythrocytes was analyzed and determined to be in the normal range ( > 100 Torr) before treatment of the endothelial cells. Furthermore, in some experiments, HbSS erythrocytes were resuspended in fresh medium, previously equilibrated with 21% 02 and 5% C02, after undergoing hypoxic sickling, and the PG2 of the media plus erythrocytes was measured and verified to be normoxic before exposure to endothelial cells. The oxygen tension of the medium in which the erythrocytes were suspended in no way correlated with the ability of previously sickled HbSS erythrocytes to induce ET-1. Finally, medium alone (not containing erythrocytes), after undergoing a round of hypoxic exposure, did not affect ET-1 transcript levels when subsequently placed on endothelial cells and incubated for 3 h at ambient oxygen tensions (Fig. 1 C, subject 1) .
The induction of ET-1 transcript by previously sickled HbSS erythrocytes also appeared to be specific at the level of the gene.
Other "housekeeping" genes, like actin, were not regulated in response to sickled cells (Fig. 2 B) . PDGF-B transcripts, which are induced by hypoxia alone, were not elevated in response to the sickled cells at the time of maximal ET-1 induction ( Fig.  1 A, subject 6 ). ET-1 transcript stability experiments were performed to determine if the induction of ET-1 by sickled sickle erythrocytes occurs at the level mRNA stabilization. The half-life of the ET-1 transcript was determined during exposure to sickled or unsickled erythrocytes by actinomycin-D chase experiments. The half-life of the ET-1 transcript was -30 min under both conditions (data not shown), demonstrating no change in transcript stability.
To determine whether membrane preparations of previously sickled erythrocytes were sufficient to regulate the expression of the ET-1 gene, plasma membrane ghosts of sickled or unsickled sickle erythrocytes were generated and were used to treat endothelial cell cultures. Ghosts made from sickled erythrocytes modestly induced ET-1 transcripts compared to ghosts made from unsickled HbSS erythrocytes (Fig. 3 A) . Despite extensive washing however, some hemoglobin invariably remained trapped in ghosts made from sickle erythrocytes after sickling, so that a contribution from this retained protein could not be excluded. Contact between the previously sickled erythrocytes and endothelial cells was not required for induction of ET-1 transcripts. Medium conditioned by sickled erythrocytes during the sickling process induced ET-1 gene expression to the same extent and over the same time course as did the sickled erythrocyte suspension (Fig. 1 A, subject 2) . Medium conditioned by sickled erythrocytes was subjected to ultracentrifugation (100,000 g for 30 min) to determine if the factor responsible for the effects on ET-1 gene induction was contained in a membrane particulate or other macromolecular fraction of the medium.
Conditioned medium which had been so precleared retained its ability to induce ET-1 transcripts (Fig. 2 A) . The finding that physical contact of the erythrocyte with the endothelial cell is not required for regulation of the ET-1 gene suggested a number of possibilities regarding mechanisms. The results of the conditioned medium experiments make it likely that a soluble factor is elaborated by the erythrocytes during (and for a period subsequent to) the sickling process. Free radical generation, including excessive formation of hydroxyl radicals in HbSS erythrocytes (23, 24) , induced by spontaneous autooxidation of the iron in sickle heme (25) , could theoretically affect the endothelial cell at a distance. Treatment of sickled sickle cell-conditioned medium with superoxide dismutase to eliminate hydroxyl radicals did not ablate the ability of the medium to induce ET-l transcripts (data not shown). The free radical scavenger probucol (26, 27) was also used to determine if free radical generation may play a role in ET-1 gene regulation. The presence of probucol in the medium containing the sickled or unsickled erythrocytes had no effect on their ability to induce ET-l transcripts (Fig. 3 A) . Similarly, pretreatment of the endothelial cells with probucol to allow intracellular accumulation of the free radical scavenger did not affect ET-l transcript basal levels or induction by sickled erythrocytes. Potential effects of the sickled cells on the redox potential of the endothelial cells was studied by pretreatment of the endothelial cells with the reducing agents pyrrolidine dithiocarbomate and Nacetyl cysteine before exposure to sickled erythrocytes. These reducing agents had only a modest effect on reducing the induction of ET-1 transcripts by sickled sickle erythrocytes (24-36% decreases by densitometry). However, these agents also lowered the constitutive level of ET-1 transcripts in the control cells, presumably by lowering the basal oxidation state of the cells (Fig. 3 C) . It was therefore not possible to determine if the effects on the sickled erythrocyte induction were specific for the induction or were secondary to a lowering of the basal expression. This result also suggests that basal control of ET-1 transcript levels in endothelial cells, at least in culture, is dependent on the redox state of the cells. It may be noteworthy that basal levels of ET-1 expression in endothelial cells has been linked to the transcription factor AP-1 (28), and reducing conditions are known to activate AP-l DNA-binding (29-31, 3 la). These findings raise interesting speculation regarding the regulation of ET-l during pathological states such as ischemiareperfusion and reoxygenation injury, where striking changes in the oxidation state of affected cells have been reported.
We have previously demonstrated that the endogenous production of nitric oxide (NO) by endothelial cells in culture affects the transcription of the ET-1 gene, with inhibitors of intracellular NO production resulting in increases in ET-1 transcript levels, independent of P02 (16) . A potential role for NO in mediating the response of endothelial cells to sickled sickle cells was explored through the use of agents which serve as nitric oxide donors (sodium nitroprusside, SNP), or conversely, which block endogenous production of NO by endothelial cells (the arginine analogue L-NNA). Elevation of local NO levels by SNP treatment inhibited both basal expression and sickled cell-induced expression of ET-1 transcripts (Fig. 4 A) , suggesting that NO might mediate the regulation of ET-1 by sickled erythrocytes. If such a mechanism were operative, it should follow that alterations in the endogenous production of NO by endothelial cells should similarly alter the ability of sickled erythrocytes to regulate ET-1 levels. As predicted, blockade of endogenous NO production by pretreatment with L-NNA resulted in a three to fourfold induction of ET-1 transcripts, and exposure to sickled erythrocytes produced no further induction of ET-1 transcripts (Fig. 4 B) .
ET-l peptide levels in medium overlying endothelial cells exposed to previously sickled or unsickled sickle erythrocytes was measured by a sensitive radioimmunoassay. ET-l peptide levels rose by two to threefold over the 3 h of exposure to sickled erythrocytes (Table I) .
It is likely that imbalances in vascular tone, manifested by local vasospasm or failure of vasodilatory mechanisms, contribute to sickle cell crises and organ damage (32) . There is abundant evidence that control of local vascular tone is abnormal not only during sickle cell crises, but also in the steady state M. Phelan, S. P. Perrine, M. Brauer, and D. V. Faller occlusions by sickled erythrocytes. Alternatively, however, they may represent local instability of vascular tone and unbalanced regulatory and compensation mechanisms. Altered vascular reactivity in response to pressor stimuli has also been demonstrated in sickle cell disease (36) . More recently, sickle erythrocytes have been found to interfere with endothelium-dependent vasorelaxation, possibly by inhibition of endothelial-derived relaxing factor (NO) (37) . Yet, the mechanisms responsible for altered endothelial regulation of vasoreactivity in the pathogenesis of vasoocclusive events in sickle cell anemia remain unknown (see references 32, 38 for review).
A number of specific local vasoregulatory mechanisms are likely to be indirectly activated or aberrantly regulated in sickle cell disease, contributing to the abnormal control of vascular tone. Various conditions contribute to the increased vascular wall shear forces observed in sickle cell disease, including the higher viscosity of blood from subjects with sickle cell disease (39) and the increased blood flow rates secondary to the severe anemia and low systemic vascular resistance. Discrepant, tissuespecific vasomotor effects may be mediated by changes in the balance of shear-induced endothelial cell production of vasoconstrictor peptides, like ET-1 and PDGF-BB (40) (41) (42) (43) (44) (45) , and shear-induced production of vasodilators like nitric oxide (46) (47) (48) (49) (50) , and prostacyclins (51 ) . Tissue hypoxia is common in subjects with sickle cell disease and may also contribute to local vasoconstriction. In a model of the vasoocclusive processes which occur in sickle cell anemia, the very first event that occurred was local tissue hypoxia, before any vasoocclusion, obstruction, or adhesion. Subsequently, precapillary obstruction, adhesion in postcapillary venules, and secondary trapping of erythrocytes is observed (52, 53) . Our previous work has demonstrated that endothelial cells respond to decreases in oxygen tension by transcriptional induction of genes encoding the potent vasoconstrictors ET-1 and PDGF-B (16, 17, 21 (54, 55) , and lipids are widely used in nature as second messengers in pathways leading to gene induction. The generation of membrane ghosts from sickled erythrocytes did at least partially reproduce the effect of sickled erythrocytes. The generation of free radicals in the course of sickling and reoxygenation does not appear to play a major role in the induction of ET-1 by sickled cells.
One mechanism for control of ET-1 gene expression by sickled erythrocytes appears to involve the vasodilatory and intracellular signaling molecule NO. We have previously demonstrated that the endogenous production of NO by endothelial cells in culture affects the transcription of the ET-1 gene, with inhibitors of intracellular NO production resulting in increases in ET-1 transcript levels, independent of P02 (16). We demonstrate here that external manipulation of NO production by endothelial cells, whether by blocking its production with an arginine analogue (L-NNA), or supplying NO exogenously via a NO donor (sodium nitroprusside), abrogates the ability of sickled sickle erythrocytes to modulate ET-1 production, thus implicating NO in the regulation of endothelial cell gene expression by sickled cells. How changes in intracellular NO production induced by sickled erythrocytes may contribute to the induction of ET-1 by these erythrocytes is currently under investigation. The possibility that free hemoglobin, released during the sickling process, might chelate NO and reduce local (extracellular) levels, thereby inducing ET-1 transcription (16), was ruled out in a number of ways: (a) levels of free hemoglobin in the media surrounding HbSS erythrocytes after sickling, as measured using Drabkin's reagent, did not differ from the levels released by HbAA erythrocytes (data not shown), yet only the HbSS erythrocytes induced ET-1 expression; (b) washing of the erythrocytes after they had undergone a round of sickling did not prevent induction of ET-1 (see Fig. 2 A, lane 3) ; (c) hemoglobin-free membrane ghosts reproduced the induction of ET-1 (Fig. 3A) . It has been postulated that the free radicals generated by sickle cells during the sickling process would deplete local NO production (see reference 32). Furthermore, we have recently discovered that exposure of endothelial cells to sickled erythrocytes results in profound suppression of the transcript for the endothelial cell (constitutive) nitric oxide synthase (Phelan, M., and D.V. Faller, manuscript submitted for publication).
The relevance of these findings to the pathophysiology of sickle cell disease remain to be determined. The in vitro studies described herein have established that exposure of endothelium to sickled sickle erythrocytes results in elevations in ET-1 transcripts and protein. Elevations in circulating levels of ET-1 have been reported in subjects with sickle cell disease ( 18, 19) . Since the concentration of ET-1 is likely to be much higher at the interface of endothelium and smooth muscle than in the larger volume of distribution of the circulating blood, the local production of ET-1 in the microvasculature in sickle cell disease may actually be significantly higher than the values obtained from plasma. The ongoing development of ET-1 antagonists or ET-1 receptor blockers as therapeutics will permit determination of the role of endothelial cell gene regulation by sickled cells in the course of steady state or acute sickle cell disease.
